About a quarter of the Martian atmospheric mass is exchanged between the atmosphere and the polar caps in the course of a Martian year: CO2 condenses to form (or add to) the polar caps in winter and sublimes into the atmosphere in summer. This paper studies the effect of this CO2 mass redistribution on Martian rotation and gravitational field. Two mechanisms are examined: (1) the waxing and waning of solid CO2 in the polar caps and (2) the geographical distribution of gaseous CO2 in the atmosphere. In particular, the net peak-to-peak changes in J2 and J3 over a Martian year are both found to be as much as --•6 x 10 -9. A simulation suggests that these changes may be detected by the upcoming Mars Observer under favorable but realistic conditions.
INTRODUCTION
Mass redistribution in or on a planet will change the planet's gravitational field. It will also change the planet's rotation via the conservation of angular momentum. The present paper studies these effects caused by the seasonal redistribution of the carbon dioxide (CO2) mass between the Martian atmosphere and the polar caps.
It is well known that Mars has seasons like the Earth. Yet

Mars' colder atmospheric temperature (in average --•70øK
lower than the Earth's) and its predominantly CO2 atmosphere (more than 95% concentration) conspire to create a large exchange of CO2 mass between the atmosphere and the polar caps. This exchange occurs in seasonal cycles. Every winter a sizable fraction of the CO2 atmosphere freezes out at the appropriate pole to make a larger polar cap. In summer the cap sublimes, returning CO2 gas to the atmosphere. The CO 2 mass involved is estimated to be at least 8.1 x 10 •5 kg [Hess et al., 1980] , which amounts to some 25% of the total Martian atmosphere, in contrast to the Earth's atmosphere which only varies by ---0.02% primarily because of seasonal variations in the water vapor content.
Qualitatively, global-scale gravitational and rotational effect is proportional to the ratio of the net redistributed mass to the planet's total mass. For the Martian CO2 exchange this ratio is about 1.3 x 10 -8. No terrestrial phenomenon is known to produce a relative mass redistribution of such magnitude in a year. For example, the postglacial rebound of the Earth's mantle, the strongest E1 Nifio events in the atmosphere-ocean system, and the greatest earthquakes are all smaller by at least 1-2 orders of magnitude [e.g., Rubincam, 1984; Gross and Chao, 1985; Chao and Gross, 1987] .
In this paper, two concurrent mechanisms will be examined: the polar condensation/sublimation of solid CO2 and the global distribution of gaseous CO2 over the topography. In addition, we shall present simulation results which indicate the possibility of detecting these effects geodetically by the upcoming Mars observer mission. Some aspects of the rotational effect of the CO2 mass redistribution have been previously discussed by Reasenberg possibility that the redistribution has increased Mars obliquity by 1 ø or 2 ø over the age of the solar system has been studied by D. P. Rubincam (Mars secular obliquity change due to the polar ice caps, submitted to Celestial Mechanics, 1990).
GENERAL FORMULATION
Let the origin of the coordinate system be at Mars' center of mass, and let the x, y, and z axes point to the 0øE Meridian, the 90øE Meridian, and the North Pole, respectively. The external gravitational potential U can be expressed as [e.g., Kaula, 1966] Now suppose the mass distribution has a (small) timevarying component, which gives rise to a (small) variation in Clrni according to (4). Suppose further that this mass variation occurs in a thin veneer on the planet surface (within the atmosphere for the Martian CO2 exchange), so that to a good approximation we can take r = R in (4) to evaluate this effect. In a Eulerian description, (4) then reduces to an integral over the unit sphere:
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Note the dynamic magnification factor l/J2, where J2 = 1.956 x 10 -3 for Mars [Reasenberg and King, 1979] .
CO2 MASS EXCHANGE ON MARS
The task now is to model the surface mass density change Art(t, ll). Let us follow the seasonal journey of the CO2 mass and examine separately the contributions to (5) of two concurrent phenomena: (1) the waxing and waning of the solid CO2 in polar caps and (2) the geographical extraction and dispersion of the gaseous CO2 in the atmosphere. They The AGio(t) of (8) follows the sum of AMn(t) and AMs(t) if I is even, and their difference if I is odd. Therefore knowledge of two varying ACto(t), one for an even I and one for an odd l, can in principle be used to solve for AMn(t) and AMs(t). This can help resolve the question of whether each cap is responsible for the CO2 exchange for only half a (Martian) year [Philip, 1986] , hence providing important constraints on Martian meteorological models.
Amplitude ( For even l, lac0(t0)l is also the annual peak-to-peak variation. For odd I the annual peak-to-peak variation is somewhat larger than lac0(t0)l. This is because of the addition of the contributions from the north cap, which has the opposite sign (see (8) In principle, the angular momentum change associated The zero reference level is as in Figure 1. with the zonal winds (accompanying the CO 2 mass redistribution) can also change LOD. This contribution, however, is found to be insignificant [Cazenave and Balmino, 1981] , in contrast with the Earth where the zonal wind is the dominant source for seasonal LOD changes.
The values in Table 1 are calculated for a uniform condensation/sublimation of solid CO2 over the polar caps. The true distribution is probably more concentrated toward the poles. This will result in moderately larger changes; Table 1 (7)) that an angular offset of, say, 1ø will produce a polar motion excitation of about 20 milliarcseconds (mas) in magnitude. At present, however, observational data are insufficient to constrain t5 realistically.
Geographical Distribution of the Atmosphere
To conserve mass in the seasonal CO2 exchange, any mass change in the polar caps is accompanied by the reverse change in the atmosphere (cf. Figure 1) . The above would be the total effect if the changing CO2 mass distribution in the atmosphere is uniform geographically. In reality, the Martian surface topography will influence this distribution, making it nonuniform. That, in turn, gives rise to additional effects in the gravitational field and rotation. How large are these effects?
For simplicity we assume that the atmosphere is always in hydrostatic equilibrium. Physically, this requires an instantaneous redistribution of CO2 mass over the globe. It is permissible since we are only concerned with seasonal periods which are much longer than the time scale for Martian atmospheric circulation.
In equilibrium, any isopycnic (constant density) surface of the atmosphere will follow an equipotential surface of the gravitational field. In a hypothetical case where the surface topography is itself a geoid (for example, if the entire planet were covered by an ocean), the geographic distribution of The zero reference level is as in Figure 1 . the atmosphere will be practically uniform. Its surface density a(12, t) will be independent of geographic location 12, changing only with time t; and the changing atmosphere has no gravitational effect (except on the total mass which, of course, is compensated by the changing polar caps). In reality, the Martian surface topography is far from being a geoid; Mars is noted for its large surface relief, so much so that a substantial fraction of the atmosphere can "feel" the topography. The atmospheric surface density owill be smaller where the topography protrudes the geoid (e.g., over a high plateau) and will be larger otherwise (e.g., over a low basin).
Thus it is the departure of the true topography from the geoid that determines how o- (12) 
To proceed, we notice that although the true Martian topography h' is at places comparable to (or even exceeds) Z, the effective topography h is generally much smaller. This is a consequence of the high correlation between Martian topography and gravitational field [e.g., Bills and Ferrari, 1978] , especially in the low-degree harmonics on which we shall concentrate. Therefore we can approximate exp [-h(12 Table 2 presents the maximum amplitude of AClmi(t), which occurs at t = to, for some most prominent low-degree harmonics. Again, the zero level is the same as in Figure 1 The excitation function W(t) for the polar motion due to the atmospheric CO2 change can be obtained from (7) and 
